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AEsrRAcT 

Utilization of coal fine agglanerates i n  the presence of limestone offers an 
advantage of in-s i tu  sulfur fixation i n  the agglanerates during canbustion and/or 
gasification t o  minimize the mission of SO, into the atmosphere. An experiment i s  
carried out t o  s t d y  the kinetics of sulfur fixation i n  the coal fine-limestone ag- 
g l m r a t e s  i n  a i r  stream a t  temperature ranges of MOO- 900'~ using a fixed bed re- 
actor. 
with Ca/S mole ra t io  of 3. 'Ihe rate of sulfur fixation, i n  terms of total  sulfur 
and sulfate sulfur retained, i n  the coal fine agglanerates can be represented by a 
coupled diffusion and zone reaction d e l .  
sulfur fixation reaction is found t o  be 4 - 7 Kcal/mle. 

Seventy percent of total  sulfur reaction i n  the agglomerates can be achieved 

'Ihe activation energy of the overall 

INIROW(;TION 

Ihe most serious envirormental problems i n  coal mining regions are the coal 
fine slurry impauncatlents. 
cannunities, but also restr ic t  the use of land and water resources. 
rent concern over the impending energy shortages and envirormental problems, the 
coal fine wastes must be recovered from tai l ing jqxndments and waste streams of 
processing plants. ' Ihis can be used t o  clean up the coal slurry impcurdments and 
avoid need €or impoudmnts t o  protect our enviromnt .  A potentially attractive 
method to recover and uti l ize  these coal fines i n  producing clean energy with in- 
s i t u  sulfur fixation has been developed. 
Fig. 1.(1) ' Ih is  process includes coal fine-limestone agglaneration and canbustion 
steps. 

A nunber of publications have disclosed the effectiveness of applying sulfur 
acceptor sorbents within sulfide ore l l e t s  for  in-situ sulfur fixation and used 
as a hydrogen sulfide scavenger. (2,3y Ihe sulfur dioxide was € o d  and adsorbed 
by sorbent within the pellets as  a hydrate ( CaSO,) during a i r  roasting ( - 5 O o O C ) .  
Ihe hydrate was insoluable i n  acids and the sulfur was retained i n  the pellets dur- 
ing the subsequent acid leaching process. On the other ham, the hydrogen sulfide 
was generated and accepted by sorbent within the pellets in  H, or steam atmosphere 
( 6 O o O -  S O O O C ) .  The 'Cas i n  the pellets could be recovered as sulfur af ter  the acid 
leachlng process. Lime (Ca(CH),) was the only cannon sorbent that muld adequately 
control SO2 or HIS evolution within the sulfide ore pellets during the roasting or 
redxtion processes. Approximatley 90 percent of sulfur could be converted to  Cas 
or  CaSO, i n  the pellets i n  the presence of a stoichianetric amount of Ca(a),. 

the presence of limestone were reported by LaRosa and Michaels ( 4 ) ,  Buttemre (5), 
and Ban, et al. ( 6 )  Sixteen percent sulfur content of I l l inois  coal refuse was 
mixed w i t h  limestone and carbonized in  the N, atmosphere. Sixty-two percent of 
sulfur converted to Cas and FeS within the pellets was reported by LaRosa, et al .  
But temre investigated the effect of various sorbents on the Ohio raw coal and 
West Virginia coal refuse for sulfur fixation i n  the pellets. The results showed 

lhey not only present hazardous conditions t o  the local 
Because of cur- 

'he proposed flow sheet i s  depicted i n  \ 

i The processes related t o  the in-situ sulfur fixation i n  the coal pellets i n  
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that a 1WL sulfur retention efficiency in coal hydrated lime pellets and 93% in the 
coal-limestone pellets at the 1W7 stoichiometric CaO could be achieved. A clean 
pellet fuel process was developed by Ban, et al. 
tained during carbonization a d  about 75% o€ original sulfur was retained in the 
pellets in the presence of limestone with Ca/S mole ratio of 3 during cantustion. 

stone agglamerates has been reported. 
tion to obtain rate data a d  to formulate the rate expressions for prediction and 
interpretation of the phenanena. 
operations. "he mathematical model is also useful to apply in preparing the high 
sulfur coal to generate the clean energy and in predicting the sulfur fixation by 
calciun (as mineral matter in coal) in coal during the canbustion and/or gasifica- 
tion. 

Approximately 95% sulfur was re- 

No kinetic data on the in-situ sulfur fixation reaction in the coal fine-lime- 
Therefore, it is the aim of this investiga- 

The information is important in process design and 

MPERIMENTAL 

'Ihe coal fines were collected fran a 9 year old coal slurry impoundment. 'he 

The sulfur fonns included 0.88% organic sulfur, 0.11 
'Ihe low temperature ash analysis s h o d  

coal fine tailing contained 41.6% ash, 25.6% volatile matter, 1.62% total sulfur and 
18,575 KJ/Kg (7,683 EllJ/lb). 
pyritic sulfur, and 0.63% sulfate sulfur. 
there was 2.96% CaO content in the coal ash. 
acceptor which contained 45.15% CaO. 
ratio 0 - 4 )  in the size range of 14oM x 21334 (106 - 75m) were blended with 15% 
water by w t .  and balled in a glass tubing by hand. 
in a 2 h  ID x 1 2 b n  L quartz tube which was used as a fixed bed reactor. 
matic diagram of the experimental apparatus is shown in Fig. 2. 
mental run, the agglanerates (-1 g) were placed in a 60 mesh stainless steel sample 
holder and loaded in the cooling zone, while the reactor was continuously purging 
with air flow rate of 2 l/min, and maintained at a desired reaction temperature 503: 
7Oo0 or 900'C). To start the experiment, the coal sample was slid into the hot zone 
for canbustion. The sample was slid back to the cooling zone at predesigned canbus- 
tion time, while the air stream was switched to N, gas. 
glomerates were determined and sulfur €oms of the agglamerates were analyzed by' 
ASIM staldard methods. 

'Ihe Greer limestone was used as a SO, 
'Ihe coal fine tailing and limestone (Ca/S mole 

All  experiments were performed 
The sche- 

In a typical experi- 

?he weight loss of the ag- 

KIyTIC WELING 

In the coal fine-limestone agglomerates, the solid reactants are visulized as 
being canposed of a large nunber of spherical limestone particles and coal fine par- 
ticles with the sulfur imbedded in the coal particles. 
the agglanerate is porous, the gaseous reactant, 0,, diffuses easily through the 
interstices between coal €ire and limestone particles, and through the product layers 
surrounding the solid reactant grains in the particles. 
proceeds according to zone reaction model (7) in individual particles. 'Ihe model is 
schematically shown in Fig. 3. The sulfur fixation reactions in the coal fine-lime- 
stone agglomerates involve the successive multiple solid-gas reactions. Three major 
chemical reactions, hich contribute to the sulfur fixation in the agglanerates, can 
be represented by the following reactions: 

In the overall agglanerate, 

'Ihe chemical reaction then 

If the order of reactions, with respect to the individual reactant, are first order, 
and the concentration of gaseous intermediate, S O , ,  is much less than that of gaseous 
reactant O,, the rate of mass transport of SO, within the solid product layers will 
b e c w  rate controlling. 
action models can be used in describing the mass transfers in the particles and ag- 
glomerates, and the successive multiple reactions for calciun sulfate formation. 
rate qressionS are: 

Therefore, application of a coupled diffusion a d  zone re- 

The 
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% =  R 1 -  R P  

dx, CD, (1- X,) 1/3 = = 1- (1- x,) 1/3  

With the conditions: 

x l = x z = x  3 -  - x  . -  - 0  
(I- x,) + xz + x, = 1.0 

a t t = O  
at t > o 

7) 

%e rate expressions can be nunerically analyzed by utilizing 4th order Runga-Kuta 
method. 
where 

xI = the fractional conversion of total  sulfur 
x,, = the fractional conversion of total  sulfur a t  steady s ta te  
x, = the fractional sulfur dioxide formed 
x, = the fractional calciun sulfate formed 
xIlm = the fractional calciun sulfate formed at steady s ta te  
x, = the fractional calcined limestone ( G O )  formed 
A,B,C = the p r a t e r s  related t o  the physical properties of given particles and 

D, 

D, 

K1 
K, 

concentration of 0, 

product layer i n  coal fine particles 

product layer of limestone particles 

= a structural parameter includes the effective diffusivity of 0, i n  ash 

= a structural parameter includes the effective diffusivity of SO, i n  the 

= a kinetic parameter inclules the rate constant of SO, foxmation 
= a kinetic parameter includes the rate constant of calciun sulfate fonation 

RESULTS AND DISCUSSION 

The effectof0,flowrate on the fulfur fixation rate was examined. The result 
showed that i f  the a i r  flow rate was above 1.8 l/min, there was no effect on the 
ra te  of sulfur fixation. 
diffusion abwe the flowrate of 1.8 l h i n .  
merate was also examined by varying the agglawrate sizes. 
indicated that i f  the agglanerate size of less than 3/8-in. diameter were used, the 
SO,- 0,- CaO reaction could be studied i n  the absence of pore diffusion resistance 
i n  the agglcmerates. ?he reaction order for  the So, and limestone system was analyz- 
ed by varying the amount of limestone addition. 
can be achieved a t  Ca/S mole rat io  of 3 or higher. 
ra te  a d  

w i t h  respect t o  the concentration of lhs tone  i n  the agglmrates. 'he calcination of 
limestone i n  the agglanerate was described by a diffusion model. Assuned that the 
calcination was controlled by the diffusion and the kinetic effect was negligible. 
Several coal fire agglanerates without limestone addition were also tested t o  deter- 
mined the effect of Cao i n  the coal ash and the net effect of limestone addition on 

' h i s  indicates an negligible resistance to  gas film 
?he internal mass transfer i n  the agglc  

'he experimental results 

Seventy percent of sulfur retention 

the concentration of limestone showed t h a t  the reaction was f i r s t  order 
'Ihe correlation of i n i t i a l  
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the rate of sulfur fixation. The representative results of these studies are shown 
in Fig.4. ' he  kinetic and stnstural parameters in the rate expressions were obtaiw 
ed for the given experimental conditions, and determined by trial and ermr as the 
one that best fit the experimental data. ?he canperision of predicted and observed 
values are depicted in Fig.5. Good agreement between predicted ard obseved exprimerr- 
tal data was obtained. A slower initial rate of sulfur fixation was noted, hich 
could attribute to the time required for calcination of limestone and evolution of SO, 
frcm the surface of the agglanerates. 
presence of limestone was also detected. Drastic changes in the structure of the 
agglanerates can be predicted as temperature increase through the structure para- 
meters in the kinetic models. 'Ihe rate constant for the overall sulfur fixation ob- 
tained fran experimental data can be expressed as $allows. 

An enhancement of the canbustion rate in the 

ki = 21.0667 Exp(-7,300/RT) for d 7 0 0  C 8) 
Ki = 3.5057 Eq(-3,860/R) for 7dW0 C 9) 

coNcuJs1oN 

firt+li.mestone agglamerates during canbustion. 
So, while limestone is calcined to form CaO, and the intermediate gaseous product, 
So,,subsequently reacts with calcined limestone and oxygen to form calciun sulfate. 
Diffusion is found to play an important role in sulfur fixation rate. 
low activation energy found 
due to the time requirement for limestone calcination and emission of SO,fran the 
surface of the agglanerates at initial stage. 
been interprepted based on a coupled diffusion and zone-reaction d e l ,  and the 
kinetic a d  structural parameters obtained €or the temperature ranges of 500'- W 0 C .  

Kinetic stdies are reported here on the in-situ sulfur fixation in the coal 
?He sulfur is first oxidized to form 

?he unusually 
for the sulfur fixation reaction is thought to be 

The sulfur fixation rate data have 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

REFERFNCES 

Peng,F.F., Young,C.C., a d  Cai,Z., "Canbustion Characteristics of Coal Fine Refuse- 
Linestone agglanerates for Sulfur Fixation," 1984 AIME-SME Annual meeting, Los 
Angeles, CA, 1984. 
Haung,H.H., and Bartlett,R.N., "Oxidation Kinetics of Lime-Copper Concentrate 
Pellets," Metallurgical Trans., B, vol.7B, 1976, pp. 369-374 
Rajamani,K., and Sohn,H.Y., "Kinetics and Sulfur Fixation in the Reduction or oxi- 
dation of Metal Sulfides Mixed with Lime," bktallurgical Trans., B, vol.l4B,1983, 
pp. 175-180 
laRose,P.J., and Michaels,J.J., "Study of Sulfur Recovery fran Coal Refuse," 
Final Report for the Enviromntal Protection Agency, Contract #14-12-929, 1971, 
Black, Sivallas and Bryson, Inc., Pittsburgh, PA. 
Buttermore,W.H., '?he Sulfur Process: A Technique to MinLmize Sulfur Finissions," 
Coal Research Fiureau Technfcal Report No,.168, 1979, West Virginia University 
Ban,T.E., Johnson,E., a d  Marlowe,W.H., lkvelopnent of the Clean Pellet Fuel 
Process - 
Wen,C.Y., 'Noncatalytic Heterogeneous Solid Fluid Reaction Mcdels," I & C.E., 

Progress Report," Mining Engineering, Jan., 1981, pp. 71-80 

1968, pP. 34-54 



HYDRATED LIME R A W  COAL 

FIG1 FLOWSHEET FOR COAL FINE REFUSE- 
LIMESTONE COYEUSTlON PROCESS 

COOLIN0 ZONE 

FlG.2 SCHEMATIC DIAGRAM OF COMBUSTION SYSTEM FOR 
COAL FINE REFUSE-LIMESTONE AGGLOMERATE 

Eolp ReactLon lbdel 
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